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1
Shuming Wang (王书明), 2 and Deren Yang (杨德仁) In this paper, we have investigated the room temperature dislocation-related photoluminescence of electron irradiated silicon. It is found that high temperature annealing can enhance the D1 line emission measured at room temperature. The abnormal peak shift of D1 line on the dependence of temperatures reveals the reconstruction of D1 luminescence center. It is suggested that the high temperature annealing could cause the transformation of the dislocation-point defect structure, so that the D1 luminescence is enhanced and stabilized. The strong demand for silicon-based light emitters for on-chip light sources which are compatible with integrated circuit (IC) processes is growing fast. It requires a light with the wavelength in infrared range of 1.3-1.6 lm, which is transparent for silicon waveguides. As an indirect band gap semiconductor, bulk silicon is highly inefficient as a light source. Many efforts have, therefore, been directed and progressed to engineer silicon-based materials to be efficient light emitters, 1,2 such as Er-doped silicon nano-particles embedded in silicon oxide 3 and nitrides, 4 silicon/germanium, 5, 6 and luminescence of b-FeSi 2 precipitates in silicon 7 . A dislocationengineered silicon-based light-emitting diode with an external quantum efficiency of 10 À3 at room temperature 8 has been reported, however its wavelength of about 1.1 lm is not suitable for silicon waveguides.
Recently, the dislocation related luminescence (DRL) with the wavelength close to 1.55 lm, so called D1 emission, has been demonstrated to be a promising candidate source for on-chip light emitters. 9, 10 In fact, four photoluminescence (PL) lines related to dislocations (D1 to D4 lines) were first detected at 4.2 K in 1970s 11, 12 and investigated intensively in the last three decades. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] However, the radiative-recombination mechanism of excessive carriers at dislocations is still unclear. The major concerns are about the nature of the D1 and D2 lines' luminescence centers and the role of impurities and point defects during the recombination process.
Due to the lack of a proper compatibility with conventional IC technology, no approaches have been applied commercially to fabricate silicon-based on-chip light emitters so far. Here, we present the detailed investigations of the photoluminescence and the structure information of Czochralski silicon (CZ-Si) wafers whose dislocations are induced by novel electron irradiation. 25 We have also shown that the dislocation related D1 line could be highly enhanced and stabilized at room temperature after high temperature annealing, and the reasons are discussed in details. 25 in order to induce dislocations with density of $7 Â 10 6 cm À2 . The electron acceleration voltage was 8 keV. Then, the annealing at 1050 C for 12 h in nitrogen atmosphere is followed. The PL spectra are measured by an Edinburgh FLS920P Spectrometer with a nitrogen cooled near-infrared photomultiplier tube under the excitation of a semiconductor laser whose wavelength is 808 nm with a maximum power 500 mW. The temperature dependent PL spectra from 15 K to 300 K are taken by using a helium flow cryostat (Advanced Research Systems). Reciprocal space mapping (RSM) is tested by Philips X'pert MRD. The Cu Ka 1 radiation is used.
III. RESULTS AND DISCUSSION
The room temperature photoluminescence spectra are shown in Fig. 1 . The band-to-band (BB) line of bulk silicon is observed in all the samples. Comparing (a) and (b), the intensity of BB line decreases after the electron irradiation, indicating that the generated dislocations reduce the irradiative recombination via band to band. It is interesting to note a)
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C for 12 h in our experimental case ( Fig. 1(c) ); meanwhile, there is no D1 line in the as-prepared one ( Fig. 1(b) ) whose dislocations density is nearly the same compared with the one after annealing.
The inset of Fig. 2 shows the photoluminescence spectra of silicon wafers measured at 15 K. It can be seen that the asprepared sample with dislocations shows a quite broadened D1 line and D2 line, which is similar to the results in our previous paper. 26 The positions of these two lines are 0.812 eV and 0.875 eV, respectively, which also consist with the other work. 11, 13, 15 It is interesting to note there is some significant "background" information of D1 line around the maximum peak. The line broadening could be accounted for by the formation of impurities and atmosphere around dislocations leads to a smearing of the dislocation electric charge. 27 After annealing, the D1 and D2 lines' shapes become much sharper due to the dramatically increased intensity with the extension of annealing time. Especially for the D2 line, not only the absolute intensity grows but also its relative intensity to the D1 line shows significant increase. The maximum peak positions remain the same no matter the time and temperature of annealing. It shows that the D1/D2 lines' luminescence centers become stronger with the extension of annealing time. They are even more stable at 1050 C, instead of dissolving at high temperatures. Fig. 2 shows the Arrhenius plots of the luminescence intensity of D1 line of the samples before and after annealing, respectively. It shows similar temperature dependences. The activation energies of D1 line before and after annealing are more or less the same, about $86 meV, which is calculated by a formula 15
It describes the thermal partition of localized electronhole pairs between different bound states of the same center to bound-to-free. The unchangeable thermal activation indicates that the signal, which starts from $0.81 eV at 15 K to $0.78 eV at 300 K does origin from the D1 luminescence center. The high temperature and long time annealing does not provide a different luminescence center.
Another important issue is the relationship of D1 line's energy position with temperatures (Fig. 3) . It can be seen that the experimental data fit well with the calculated E g À T line, which agrees with the previous work. 10, 28 For the sample annealed at 1050 C for 12 h, the D1 line's peak energy position shifts to the red side homogeneously from 15 K to 170 K. However, when the temperature rises above 170 K, the D1 peak position seems "stabilized," without continuing shifting to the red side. This abnormal peak movement is observed in the temperature range of 170 K-210 K, which is not reported before. When the temperature rises up to 210 K, the peak energy position starts moving to the red side again. The trends of peak energy on the dependence of temperatures correspond with the band gap movement with temperatures, which shows that the energy level induced by the D1 luminescence center defects does exist in the band gap. This abnormal peak movement phenomenon indicates the certain reconstruction of D1 centers during the temperature range of 170 K-210 K. Fig. 4 shows the decrease of interstitial oxygen contents of the samples with and without dislocations after annealing In order to get the whole structure information of samples with dislocations before and after annealing, the RSM was applied (Fig. 5) . The 2h-x axis shows the d-spacing changes and the x axis indicates the mosaic tilt. 29 The reference silicon sample shows the strongest scattering intensity whose peak centered at 69.171
( Fig. 5(a) ). The broadenings of 2h and x are both less than 0.02 , which indicates that the integrity of the crystal is perfect. The signal intensity of the as-irradiated silicon wafer with dislocations becomes weaker compared with the reference's one (Fig. 5(b) ), which is due to the lattice distortion brought by dislocations. The center of the maximum peak shifts to 69.162 and the broadening of 2h is $0.03
. The shift of the central peak position to the lower angle side shows there is compressive macroscopic stress in the sample. There are some small bulges along the x axis whose broadening is $0.06 . This information indicates there is non-uniform microscopic stress in the wafer. The RSM of the irradiated silicon sample with dislocations annealed at 1050 C for 12 h (Fig. 5(c) ) shows a quite different result compared with the previous two's. The central peak locates at 69. 173 and its intensity becomes even weaker. The reposition of the maximum peak suggests the inner stress is released during the annealing. An interesting phenomenon is there are some significant mosaic structures along the x axis on the both sides of the central peak. It broadens the signal of x to $2 . While the x gives the information of mosaic tilt, these mosaic structures suggest that there are lots of sub-grain structures forming surface defects such as stacking faults in the silicon wafer with dislocations after annealing.
Usually, there is a strong thermal quenching effect for DRL as its unique property in dislocated silicon, such as plastically deformed silicon, 12, 13, 15 laser melting treated silicon, 9 Si/Ge mismatched layer, 19, 30 direct bonded silicon wafer, 2 a failure ingot of single crystal grown silicon, 31 and oxygen-induced defect silicon. 28, 32 Among the four DRL lines, the D1 line has the highest thermal tolerance, which usually vanishes at about 200 K. So there is a great demand of enhancing the thermal stability of D1 line whose energy is around the interesting 1.55 lm band. In our experimental condition, the D1 line's signal is greatly enhanced and stabilized at room temperature by applying annealing at 1050 C for 12 h. Although the exact origin of D1 line is still unclear, the results of our experiments firmly confirm that the high temperature and long time annealing could strengthen and stabilize the D1 luminescence center.
The existence of large strains around dislocation cores provides immediate attraction to point defects, such as selfinterstitials and oxygen atoms. The excessive self-interstitials brought by the electron irradiation in our case, which are much more than those in the condition of thermal equilibrium at room temperature, could react with dislocations during the high temperature annealing. The different results of interstitial oxygen contents measured by the FTIR and the defect transformation revealed by RSM proved such reactions. It is reported that the self-interstitials could join the dislocations cores, not by bonding with the core atoms to form dangling bonds but by creating a proper succession of double five-and single eight-membered rings in the reconstructed dislocation structure. 33 This type of clusters consists of four-fold coordinated self-interstitials (I 4 ). From the first-principle calculations, it was shown that the I 4 defect clusters could bring deep levels in the band gap causing the optical transitions between these levels, which may account for the dislocations related luminescence. 20 Some other studies, such as inducing super saturation of non-equilibrium self-interstitials by ion implantation forming a silicon layer in which compression stresses appeared, also shown the strong D1/D2 luminescence. 34 On the other hand, during the high temperature annealing, oxygen atoms could diffuse quickly and get gathered at dislocations in CZ silicon, 35 which is also confirmed by the FTIR results in our case. Fedina et al. 33 found significant D1/D2 lines in the sample whose dislocations are caused by O þ implantation, but no DRL signals in the B þ implanted samples, even after thermal annealing. The dislocation cores of these two samples are quite different, while the former one's core structure is much more complex than the latter one's. It proves that oxygen reacts with the dislocation cores by forming dislocations-point defect structure.
The point defects, such as self-interstitials and oxygen, participated in the reconstruction reaction of dislocations during the high temperature and long time annealing by forming complex dislocation-point defect structure. These structures are some kind of surface defects confirmed by RSM results. They do not dissolve at high temperatures even for long time annealing. We consider that such dislocationpoint defect structure which is thermally stable could be ascribed to the reconstructed D1 luminescence centers. The peak shift of D1 lines on the dependence of temperatures reveals the existence of such transformation. This reconstructed D1 center could strongly enhance and stabilize the D1 luminescence at room temperature.
IV. CONCLUSIONS
We get the strong and stable dislocation-related D1 line emission at 1.6 lm at room temperature in the dislocated silicon annealed at high temperatures. The dislocations are induced by electron irradiation, which suits well for the current integrated circuits processes. It is found that the high temperature and long time annealing could bring certain dislocation-point defect structures, which are thermally stable at high temperatures. These structures ascribing to the reconstructed D1 centers could strongly enhance and stabilize the D1 luminescence at room temperature.
